We report on the fabrication and characterization of low dark-current GaN metal-semiconductormetal ͑MSM͒ photodiodes. Their quantum efficiency in the vacuum-ultraviolet range has been analyzed, demonstrating that these devices are an excellent choice for high-energy photodetection. Models to explain and control the performance as a function of residual doping and geometry are applied to GaN-based MSM photodiodes. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1475362͔
The space industry and science arena demand the development of a new generation of ultraviolet ͑UV͒ sensors. 1 The wavelength ranges of interest are 10-200 nm for solar physics studies, Ͻ280 nm for communications and missile warning, and 300-400 nm for atmospheric studies. Typical specifications are very low dark-current I D Ͻ10 pA, and resistance to radiation doses greater than 0.01-1 Mrad. Bandwidth requirements depend on the number of pixels and data transmission rate. Compactness, high sensitivity, durability, and reliability are critical requirements for space applications.
UV detection has traditionally been accomplished by photomultiplier tubes ͑PMTs͒, narrow-band gap semiconductor photodiodes, or charge-coupled devices ͑CCDs͒. PMTs exhibit high gain and low noise, and can be fairly visible blind. However, they are fragile and bulky instruments, requiring high power supplies. On the other hand, semiconductor photodiodes and CCDs offer the advantages of compact solid-state devices, requiring only moderate bias. However, for space applications, present semiconductor UV detectors exhibit some limitations inherent to silicon technology. For example, passivation layers, typically SiO 2 , reduce the quantum efficiency and its stability in the vacuum-ultraviolet ͑VUV͒ range. Besides, the filters required to block out visible and infrared photons result in a significant loss of effective area of the instrument. Moreover, isotropic ionizing radiations provoke local irreversible damage of the devices. Finally, the detector active area must be cooled to reduce the dark current; the cooled detector behaves as a cold trap for contaminants, which leads to a reduction of sensitivity.
UV photodetectors based on III nitrides can surmount many of the difficulties listed herein. The wide-band gap of these materials and the strength of the III-N chemical bond enable room-temperature operation, and provide intrinsic visible blindness and radiation hardness. Moreover, passivation is not required, thus improving the responsivity and stability at short wavelengths. Different types of GaN-based photodetectors have been reported. [2] [3] [4] [5] However, there are very few reports on the quantum efficiency of GaN in the VUV range ͑Ͻ200 nm͒. Promising results on Schottky photodiodes have been published recently. 6, 7 In contrast with metal-semiconductor-metal ͑MSM͒ photodiodes, these devices are asymmetric, consisting of an ohmic contact and a Schottky contact that can be either semitransparent 6 or grating shaped. 7 Thus, the detection mechanism is different, and photoemission from the metal plays a different role.
MSM photodiodes present several attractive features that make them ideal candidates for space applications: very low dark current, high responsivity, and large bandwidth. Moreover, extremely low noise densities have been reported in these devices. 3 In this work, we describe the fabrication and characterization of GaN photodiodes for space imaging applications in the near-UV and VUV ranges. We also introduce theoretical calculations that predict the optimum design as a function of material quality and performance requirements.
Nonintentionally doped 1.8 m thick GaN epilayers were grown on c-sapphire by low-pressure metalorganic vapor phase epitaxy, using a thin low-temperature AlN ͑sample A͒ or GaN ͑sample B͒ nucleation layer. Growth details are given elsewhere. 8 The devices consist of two interdigitated electrodes designed with equal finger width and pitch, ranging from 2 to 7 m, and with an optical area of 250 ϫ250 m 2 or 50ϫ50 m 2 . Schottky contacts were either Ni ͑300 Å͒/Au ͑1000 Å͒ or Pt ͑300 Å͒/Ti ͑50 Å͒/Au ͑1000 Å͒ multilayers, deposited by standard lithography, and liftoff techniques.
For their characterization, the detectors were biased with a voltage source and connected in series with a transimpedance amplifier. Dark current was recorded using a HP4145B semiconductor parameter analyzer, with a sensitivity of 0.1 pA. The photodetector responsivity and its linearity were determined by exciting with different nonfocused lasers. Visible and near-UV spectral responsivity studies were performed with a 150 W Xe arc lamp, being the optical system calibrated with a pyroelectric detector. Quantum efficiency ͑QE͒ in the VUV range was measured on the SA-62 beamline of the Super-ACO synchrotron in Orsay ͑France͒, over the 60-180 nm range ͑21-7 eV͒. GaAs and Al 2 O 3 detectors were used for calibration.
Schottky MSM photodiodes present very low dark current due to the high material resistivity and the rectifying nature of the contacts. 4, 9 As shown in Fig. 1 for GaN devices fabricated on sample A, with an active area of 250 ϫ250 m 2 , the dark current can remain below 10 pA even when operating at 100 V bias. Devices on sample B present a dark current about two orders of magnitude higher, as a result of a higher residual doping. The dark current is originated by thermionic and field emission carrier transport. The dashed line in Fig. 1 corresponds to a fitting using the thermionic model for MSM structures described in Ref. 10 , demonstrating that thermionic transport dominates in devices with large finger separation. For the devices with shorter pitch, 2 m, an enhancement of the dark current is observed, as shown in Fig. 1 , which becomes even more important for submicron devices. This increase is attributed to the intense electric field and the presence of inhomogeneities in the contacts, which also contribute to a reduction of the breakdown voltage.
The value of the QE for photon energies above the band gap depends on the device geometry ͑distance between fingers͒, on the material quality ͑residual doping͒, and on bias. Figure 2 presents a theoretical estimation of the QE in GaN MSM photodiodes at 5 V bias. The two-dimensional model calculates the space charge region ͑SCR͒ width around both Schottky contacts, following the equations of Sze et al. 10 The diffusion length is assumed as negligible in comparison with the SCR width, as expected from the insulating nature of the samples. Thus, we assume that only carriers photogenerated within the SCR contribute to the photocurrent. The experimental results presented in Fig. 2 fit the simulation quite well. Results on sample A are coherent with the estimation of residual doping from current-voltage measurements. The presence of internal gain (QEϾ1) in devices with short pitch ͑more intense electric field͒ is quite common in this sort of photodetectors, and its origin is still under debate. 9 Although gain in MSM structures is usually related to slow phenomena and sublinearity, the time response of present devices is shorter than 10 ns, which is the limit of our measurement setup. The linearity of the device response with optical power has also been verified for photon energies above and below the band gap ͑256 nm, 325 nm, 351 nm, and 488 nm͒, as shown in the inset of Fig. 3 .
The spectral QE was analyzed in the visible and near-UV range, and in the VUV range, as shown in Fig. 3 , respectively. The device response presents a sharp cutoff at the band gap wavelength, with an UV/visible contrast larger than five orders of magnitude. The intrinsic visible blindness is a major advantage over standard Si or even SiC photodetectors. 11 The QE in the 50-200 nm range was calibrated with two different detectors ͑GaAs and Al 2 O 3 ͒ with similar results. Quite remarkably, the efficiency of these GaN MSM devices in the VUV range is close to the value of SiC, 11 higher than the values reported on GaN Schottky photodiodes, 6, 7 and even higher than the response of UVenhanced Si photodiodes, in this spectral range. The decrease of the QE at 250-270 nm might be an artifact, since the intensity of the Xe lamps drops markedly in that spectral range.
Finally, the time response, , of MSM photodiodes can be limited either by the carrier transit time, t tr , or by the device capacitance, C:
where R L is the load resistance. Both contributions to are directly related to device geometry. The transit time can be estimated by
where L is the pitch and v sat is the hole saturation velocity, whereas the device capacitance approximately corresponds to:
where A is the detector area, 0 and GaN are the vacuum permitivity and the GaN dielectric constant, respectively, and W is the finger width. Thus, for a given detector area, there is an optimum finger separation, which provides the minimum time response, as shown in Fig. 4 . Our calculations support the transit-time limitation of devices in Ref. 13 .
In conclusion, very low dark-current GaN MSM photodiodes have been fabricated. Their efficiency for VUV detection is reported, clearly demonstrating that these devices are an excellent choice for high-energy photodetection. Present results demonstrate the suitability of GaN MSM photodiodes for UV imaging in the deep-UV range. Dark-current requirements for space applications are satisfied even in the highbias operation regime, V B Ͼ10 V. The detector geometry can be adjusted to provide the largest signal for the required bandwidth. Moreover, these devices could also be applied to detect the light of ArF lasers ͑193 nm͒ or F 2 lasers ͑157 nm͒, which are the future photolithography standards.
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